The structural analogue of L-serine, L-serine hydroxamate, inhibited the growth of Escherichia coli K-12. Of the other amino acid hydroxamates tested, only L-lysine hydroxamate reduced the rate of growth. Inhibition of growth by L-serine hydroxamate was rapidly reversed by the addition of L-serine to the bacterial culture or by removal of the analogue by filtration. The reversal of inhibition was specific for L-serine. L-Alanine, glycine, or adenine had no effect on an inhibited culture. No evidence for active transport of the analogue was obtained.
As proposed by Adelberg, the use of amino acid analogues and mutants resistant to their action has increased our understanding of the regulatory processes acting in the bacterial cell (1) . This approach has been helpful in the study of the two major types of control which act on biosynthetic pathways, end-product inhibition of enzyme activity and repression of enzyme synthesis. For example, in the histidine pathway, by correct choice of analogue it has been possible to select mutants which are resistant to inhibition (10) or repression (8) ; however, with the branched-chain amino acids, use of a single analogue has allowed the isolation of mutants altered in both regulatory processes (3) . Our interest in metabolic control has centered on the biosynthesis of L-serine in E. coli where a single unbranched pathway consisting of three enzymatic reactions has been described (4, 14) . The initial reaction of the pathway is catalyzed by 3- phosphoglycerate (PGA) dehydrogenase, and this enzyme is inhibited by the end product L-serine.
The details of this inhibition have been extensively studied with pure enzyme (12) . On the other hand, the levels of enzyme activity measured in cell-free extracts does not appear to be greatly influenced by the presence of serine in the growth media. Although conditions used to grow the organism can affect the level of PGA dehydrogenase activity (5) , experiments in which the exogenous or endogenous serine supply was varied strongly suggest that the enzymes responsible for serine biosynthesis are constituitive or completely repressed (McKitrick and Pizer, unpublished data). I Present address: Chemical Research Laboratory, Tanabe Seiyaku Co., Ltd., Osaka. Japan.
To obtain mutants altered in these regulatory properties, we searched for analogues of serine which inhibit bacterial growth with the expectation that some of the strains resistant to the analogue would overproduce serine. If over production of serine was due to a failure to exert endproduct inhibition, this property could be related to a structural change in PGA dehydrogenase; if it was due to increased amounts of the enzymes, the control of the synthesis of the enzyme proteins could be explored. In either case, the significance of the control process in terms of the physiology of the cell could be evaluated.
Of several analogues tested, serine hydroxamate inhibited the growth on solid media of Escherichia coli, Salmonella typhimurium LT 2, and Bacillus subtilis. This paper describes the inhibition of our most sensitive strain of E. coli in liquid media. The accompanying paper (13) describes the isolation of mutants resistant to the antimetabolite and its mode of action.
MATERIALS AND METHODS
Bacteria and growth conditions. E. coli K-1 2 (A) had been maintained in our laboratory for several years. The M9 medium and growth conditions described previously (5) were used with the following modifications.
FeSO4 was omitted, and the glucose concentration was increased to 1.5 mg/ml. Bacterial growth was measured turbidimetrically with a Klett colorimeter fitted with a no. 42 filter. Overnight cultures were diluted 1:
10 with fresh medium in the morning. When the culture was in mid-log phase of growth (Klett reading of 80), the culture was diluted I to 2 with warm medium and dispensed into growth tubes containing the antimetabolite or other compounds, according to the design of the experiment. Viable L-Serine hydroxamate-hydrochloride was synthesized from L-serine ethyl ester-hydrochloride by a modification of the procedure described by Roper and Mcllwain for the synthesis of N-( -glutamyl)hydroxamate (7). Hydroxylamine was prepared by dissolving 15 g of hydroxylamine-hydrochloride in 60 ml of ethanol and adjusting the pH to between 8.0 and 8.5 with 10 N NaOH. The NaCl which formed was removed by filtration. An ethanolic solution of L-serine methyl ester was prepared by dissolving 4.5 g of Lserine ethyl ester-hydrochloride in 60 ml of ethanol, raising the pH to 8 with 10 N NaOH, and filtering off the NaCl precipitate. The two ethanolic solutions were mixed and allowed to stand at room temperature for 20 hr, followed by 48 hr at 5 C. Chromatography indicated that essentially all the methyl ester had been converted to the hydroxamate by this treatment. The reaction mixture was filtered, and the volume of the filtrate was reduced to 10 ml. The pH of the solution was adjusted to pH 1 with concentrated HCI, and approximately 2 volumes of ethanol were added. After standing at room temperature for 30 min, the precipitate which formed was removed by filtration, and the reaction was then placed at 5 C overnight to precipitate the product. The yield obtained was 1.5 g. This material was dissolved in 3 ml of water and heated on a boiling water bath with 50 mg of activated charcoal. After filtration, 20 ml of ethanol was added, and the cloudy solution was first allowed to stand at room temperature before being placed at 5 C. The crystals were collected by filtration, washed with ethanol, and air dried. A recrystallization from aqueous ethanol was performed. The crystals obtained (1.0 g) represented a yield of 27%, had a melting point of 143 to 144 C, and moved as a single component on thin-layer chromatography in a n-butanol-acetic acid-water solvent (4:1:1). When assayed by the addition of FeCl3, a molar extinction coefficient at 540 nm of 465 was obtained. These constants were in general agreement with the DLserine hydroxamate-hydrochloride obtained from Sigma. This compound, which was contaminated with traces of serine as shown by thin-layer chromatography, had an E540r'c = 456 M-1 cm-and melted with browning between 146 to 155 C.
Hydroxamate determination. To the sample in 1 ml of H2O was added 2 ml of 10% FeCI3 in 0.7 N HCI. After 10 min at room temperature, the absorbancy at 540 nm was measured in a 1-cm cuvette with a Zeis M4Q 1I spectrophotometer.
Radioactive serine hydroxamate. The synthetic Lserine hydroxamate hydrochloride was labeled with tritium by the Wilzbach procedure performed at New England Nuclear Corp. (Boston, Mass.). A sample (200 mg) was subjected to 3 Ci of 3H gas and subsequently purified by chromatography on Dowex-50-[Hl+ and Dowex 1-[OH]-columns. The tubes from the column which contained hydroxamate and radioactivity were pooled and supplemented with 150 mg of unlabeled compound. The L-serine hydroxamate hydrochloride was crystallized from ethanol with a yield of 190 mg and a specific activity of 15,000 counts per min per ,umole. An additional 70 mg remained in the mother liquor. A single ninhydrin-positive spot was observed on thin-layer chromatography. The radioactivity corresponded with this material; however, the distribution of isotope through the spot suggests that the hydroxamate contains a trace of radioactive serine or a decomposition product which moves with the forward edge of the hydroxamate.
Concentration of serine hydroxamate by bacteria. The removal of serine hydroxamate from the medium by bacteria was assayed by incubating cells in M9 medium with 3H-L-serine hydroxamate, subsequently separating the cells from the medium by filtration or centrifugation, and determining the quantity of radioactivity present with the cells (2) . The bacterial culture was grown to log phase (Klett = 150), collected by centrifugation, and resuspended in M9 medium to give a 50-fold concentration. 3H-L-serine hydroxamate at a concentration of 2 mm was incubated with the cell suspension for 30 min at 25 C. Where filtration was used, the triplicate 1.0-ml samples were filtered on 2.5-mm membrane filters (Millipore Corp.). The correction for the isotope retained in the filter was determined by filtering I ml of 2 mM 3H-L-serine hydroxamate solution and subtracting the radioactivity present. Where centrifugation was used, 5 ml of cell suspension was centrifuged at 6,000 x g for 10 min. After removing the supernatant, the cells were suspended in medium, the suspension was sampled, and the centrifugation was repeated. The water associated with the cells was determined by weighing the pellet of cells before and after drying overnight at 110 C.
Radioactive measurements. The incorporation of "4C-serine into cold trichloroacetic acid-precipitable material was measured by the modification of the paper disc method of Bollum, as previously described (11) . Cells labeled with "4C-L-serine were fractionated as described by Roberts et al. into acid-soluble material, lipid, nucleic acid, and protein (6). The radioactivity in these fractions was measured by drying samples on planchets and counting them in a Nuclear-Chicago gas flow counter.
The radioactivity in cells collected by filtration or in suspension was determined by placing the filter or 0.1 ml of suspension in 10 ml of Aquasol (New England Nuclear, Boston, Mass. (Fig. 1) . At the lower concentrations, the increase in Klett reading was accompanied by an increase in viable count. If the DLracemate was used in place of the L-isOmer, twice as much compound was required to get equivalent inhibition. This result shows that the inhibitory effect was due solely to the action of the L-isomer.
The inhibition produced by L-serine hydroxamate was not due to the hydroxamate group (-C:O-NHOH) alone, because six other amino acid hydroxamates failed to have an effect at the concentration where serine hydroxamate completely inhibits growth (Fig. 2) . Of the compounds tested, only L-lysine hydroxamate produced any inhibition, with a concentration of 0.6 mm increasing the generation time from 65 to 120 min (Fig. 2) . On the basis of these data, the inhibition produced by serine hydroxamate could be due to a direct effect on serine metabolism or interference with other cellular activities produced by some special feature of the structure of this hydroxamate.
Reversal of senne hydroxamate inhibition. To ascertain whether the inhibition caused by serine hydroxamate was related to serine metabolism, the ability of serine to relieve the inhibition was tested. To a culture inhibited with 1.28 mM DLserine hydroxamate-hydrochloride was added three different concentrations of L-serine, glycine, L-alanine, or adenine. The results (Fig. 3) show that only serine reversed the inhibition and that, at lower concentrations of serine, inhibition of growth reoccurred at later times. A more detailed analysis of the reversal by serine was carried out with '4C-labeled serine.
The rate of incorporation of isotope into acidprecipitable material (Fig. 4) was the same for the first 40 min at all levels of serine tested, indicating that the analogue did not interfere with entry of serine into the cell. Subsequently, isotope incorporation plateaued at a level and time that increased with the initial serine concentration. The plateaus were directly proportional to the initial serine concentration, suggesting that the exogenous amino acid was efficiently used and that incorporation stopped when the external concentration fell below a particular level. Turbidity measurements on these cultures showed that serine hydroxamate inhibition of growth occurred soon after isotope incorporation stopped, i.e., there is no longer an effective external supply of serine. The experiment was terminated 210 min after the initial addition of radioactive amino acid, and the cultures were harvested by centrifugation. The cells were fractionated, and the incorporation of isotope into the fractions was determined. Table 1 shows that the incorporation into the different fractions was similar in the four cultures, with a tendency to incorporate more isotope into nucleic acid and protein in the cultures with a higher initial amino acid concentration. The specific nature of the serine reversal indicates that serine hydroxamate interferes with serine metabolism directly rather than having an effect on some general physiological process.
The reversibility of the inhibition was also achieved by filtering the culture to remove the On the basis of the above experiments, we conclude that L-serine hydroxamate is neither actively concentrated nor excluded from E. coli K-12 and that the intracellular concentration is approximately the same as that in the medium. DISCUSSION L-Serine hydroxamate appears to be a suitable analogue for the selection of regulatory mutants in the serine pathway. It inhibited growth, and the inhibition was reversed by low concentrations of L-serine. Although it was possible that the antimetabolite acted by interferring with cellular process not involving serine metabolism, the failure of other amino acid hydroxamates to affect growth suggests that serine biosynthesis or utilization was the site of inhibition. The specific reversal by serine is consistent with this view; although serine might act by blocking entry of the analogue into the cell, the absence of a concentrating system makes this unlikely. The rapid establishment and ease of reversal of inhibition also favors interference with serine metabolism. In view of the many roles played by serine in the cell, we decided to use mutant methodology to identify the critical points of inhibition rather than a biochemical approach. The selection and characteristics of mutants resistant to Ser-Hdx are described in the accompanying paper (13) .
